Abstract. We used a prospective, longitudinal cohort enrolled as part of a program evaluation to assess the relationship between drinking water microbiological quality and child diarrhea. We included 50 villages across rural Bangladesh. Within each village field-workers enrolled a systematic random sample of 10 households with a child under the age of 3 years. Community monitors visited households monthly and recorded whether children under the age of 5 years had diarrhea in the preceding 2 days. Every 3 months, a research assistant visited the household and requested a water sample from the source or container used to provide drinking water to the child. Laboratory technicians measured the concentration of Escherichia coli in the water samples using membrane filtration. Of drinking water samples, 59% (2,273/3,833) were contaminated with E. coli. Of 12,192 monthly follow-up visits over 2 years, mothers reported that their child had diarrhea in the preceding 2 days in 1,156 (9.5%) visits. In a multivariable general linear model, the log 10 of E. coli contamination of the preceding drinking water sample was associated with an increased prevalence of child diarrhea (prevalence ratio = 1.14, 95% CI = 1.05, 1.23). These data provide further evidence of the health benefits of improved microbiological quality of drinking water.
INTRODUCTION
The contribution of drinking water contaminated with human feces to the global burden of child diarrhea remains uncertain. 1, 2 Communities whose water is contaminated with human feces generally have multiple sources of environmental fecal contamination, 3 making it difficult to disentangle the marginal impact of contaminated water.
Measuring fecal contamination in water is difficult. Traditional measures use organisms commonly found in human feces, but these indicator organisms are only weakly associated with the presence of pathogens. 4 Moreover, measurements of fecal indicator organisms in water are highly variable. 5 This high variability biases studies evaluating relationships between water quality and diarrhea toward the null. 6, 7 In addition, when water samples are collected simultaneously with disease information, there is a risk of bias due to reverse causation either due to actions by the household to clean water in response to illness, or to excess fecal shedding by an ill child that alters the concentration of fecal contamination in drinking water.
The objective of this study was to use a large set of repeated, prospective measures of water quality and child diarrhea collected within an evaluation of a water, sanitation, and hygiene intervention project 8 to estimate the relationship between water quality and subsequent diarrhea among children < 5 years of age.
METHODS
Study population. The evaluation of the Sanitation, Hygiene Education and Water Supply in Bangladesh (SHEWA-B) program including steps to protect human subjects has been previously described. 8, 9 In brief, the SHEWA-B program targeted 68 subdistricts (upazilas) in 19 districts across Bangladesh. Upazilas are further subdivided into unions. We listed all of the unions and their populations in the 68 targeted upazilas and randomly selected 50 unions with the probability of selection proportional to the size of the union. For each SHEWA-B intervention upazila where a union was chosen for evaluation, we selected a control upazila that had similar geography, hydrogeology, infrastructure, agricultural productivity, and household construction and where government collaborators confirmed that no other major water, sanitation, and hygiene programs were operating. We selected unions for evaluation in the control upazilas using the same probability of selection proportional to size used to select unions for evaluation in the intervention upazilas. Because the SHEWA-B intervention included some activities aimed at improving drinking water quality, this analysis was restricted to the 50 control communities.
As no village level census was available, within each selected union we listed all village names and used a random number generator to select the evaluation village. Fieldworkers approached the households closest to the village center and sought consent for an interview if they had a child < 5 years of age. To enroll the next household, field-workers looked for the next closest household with a child < 5 years of age. The first 10 enrolled households who had at least one child < 3 years of age at the initial interview, and so would remain < 5 years of age during 2 years of follow-up, were also invited to participate in monthly disease surveillance and quarterly water testing (N = 500) beginning in September 2007.
Monthly surveillance. Field-workers recruited a female community resident ≥ 18 years of age, who had completed at least 8 years of formal education as a community monitor. The community monitor visited the enrolled households monthly and administered a brief questionnaire to collect information on each child < 5 years of age. One of the monthly surveillance questions asked whether the child had diarrhea (≥ 3 loose stools within 24 hours) during the preceding 2 days. This surveillance continued for 24 months.
Household wealth. We used the principal component analysis of 21 household possessions and construction characteristics to evaluate household wealth, 8, 10 and the first principal component as the wealth score.
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Water collection and laboratory processing. Every 3 months field-workers requested the caregiver of the youngest child in the household to draw a glass of water as if her child wanted a drink. Field-workers transferred the drinking water into a sterile plastic bottle, placed it in a box with ice packs and brought it to icddr,b's Environmental Microbiology Laboratory.
Within 24 hours of collection laboratory technicians filtered 100 mL of the collected drinking water sample through separate Millipore membrane filters, placed the filter papers on modified thermotolerant Escherichia coli (mTEC) agar media (Difco ™ ; Becton, Dickinson and Company, Franklin Lakes, NJ), and incubated the plates at 35°C for 2 hours and then at 44.5°C for another 22 hours. Laboratory technicians counted red or magenta colonies as E. coli.
12 When the result were too numerous to count, technicians either inoculated 100 μL of water directly on mTEC agar media using the drop plate technique or diluted a 10 mL of the original sample with 90 mL sterile water and filtered the specimen through the Millipore filters. The diluted specimens were incubated as above. Plates with non-confluent colonies were used to count colonies. Counts from dilute plates were multiplied by the magnitude of dilution to generate counts per 100 mL.
Technicians periodically tested water samples spiked with E. coli (ATCC 25922) strain as a positive control and sterile water as a negative control.
Statistical analysis. We considered water samples with < 1 E. coli/100 mL to be uncontaminated and samples with ≥ 1 E. coli to be contaminated. We converted the E. coli concentrations to their base 10 logarithm for calculating geometric means, which we report as the geometric mean E. coli concentration among the subset of contaminated samples.
Regression modeling requires a nonzero value to be used when the E. coli concentration is < 1/100 mL or the observations cannot be included in the model. For regression modeling, we replaced E. coli < 1/100 mL with 0.5 (half the limit of detection).
We included observations from households that had water quality measurements and one or more measurement of diarrhea morbidity 3-100 days after collection of the water sample. We ignored diarrhea measurements < 3 days after water quality measurement because this is shorter than the incubation period of most enteric pathogens. We ignored measurements > 100 days after water quality measurement so that missing water measurements would not result in earlier water quality measures predicting diarrhea over quite different time frames. If multiple measurements of water quality were available 3-100 days before diarrhea morbidity was assessed, we used the water quality measurement closest to the assessment of diarrhea for the predictive modeling.
To evaluate the association between the exposure variables-drinking water quality, child and household characteristics-and diarrhea, we estimated prevalence ratios using a log-binomial regression model. 13 To account for the repeated observations for diarrhea in single household and the clustering of observations in villages, we used a robust sandwich standard error estimator clustered at the village level to calculate 95% confidence intervals. To assess if the association between E. coli concentration in drinking water and diarrhea was independent of other exposures associated with diarrhea, we constructed a multivariable model. We began with the bivariate model of the association between E. coli concentration and diarrhea and added child-or household-level characteristics that were associated (P < 0.05) with diarrhea in bivariate analyses.
To evaluate the impact of the elapsed time between the water collection and the diarrhea measurement on the association between the presence of E. coli and diarrhea, we divided the distribution of elapsed times by quartiles and by the median and explored differences in the prevalence ratios between presence of E. coli and diarrhea across different elapsed sampling intervals.
To estimate the population attributable fraction of diarrhea due to E. coli contamination, we subtracted the diarrhea prevalence among all included children by the diarrhea prevalence in the subgroup of those children whose prior household water quality measurement was < 1 E. coli/100 mL and divided this difference by the diarrhea prevalence of all included children. 14 
RESULTS
Among the 500 enrolled control households who completed the baseline survey and agreed to participate, the field team collected at least one measure of household drinking water quality and 2 months of diarrhea surveillance information for 497 households. These 497 households had a mean of 1.3 children under the age of 5 years ( Table 1 ). The most common drinking water source was a shallow tubewell (79%). Of households, 51% owned a toilet or latrine, though 93% reported access to a toilet or latrine.
Among these 497 households, 408 (83%) provided eight drinking water samples, 62 (12%) provided seven, and 27 (5%) provided one to six samples over the 24 months of surveillance. Of collected samples, 59% (2,273/3,833) were contaminated with E. coli, with a geometric mean of 23 colony forming units (CFU) E. coli/100 mL (95% CI = 21, 25) among the contaminated samples. Assuming that the samples with no detectable E. coli had 0.5 E. coli/100 mL, the geometric mean of all water samples was 5 CFU E. coli/100 mL. Of collected samples, 14% (552) had ≥ 100 CFU E. coli/100 mL ( Figure 1 ). The proportion of contaminated samples increased after the first two quarters ( Figure 2 ).
Most households' drinking water was intermittently contaminated. Among the 408 households who contributed a water sample during each of the eight quarters of the study, only nine (2%) had drinking water with no E. coli contamination from any of the eight water samples and 40 (10%) had E. coli contamination detected in each water sample ( Figure 3 ). Over half of these households (60%) had at least one drinking water sample with > 100 E. coli/100 mL and 29% had more than one ( Figure 3 ).
Community monitors enrolled 544 children in the first quarter of surveillance. During 24 months of follow-up, 79 children were born into and 11 children moved into these households: 1 child aged out, 5 children died, and 10 children moved or dropped out. Among the 14,094 potential monthly child assessments, community monitors collected data for 13,918 (99%). For 12,193 monthly child assessments (88%) microbiologists collected and analyzed a drinking water sample within the preceding 100 days.
In the 12,193 monthly follow-up visits 4-100 days after drinking water sample collection, mothers reported that their child had diarrhea in the preceding 2 days in 1,161 (9.5%). Children whose previous household drinking water samples had E. coli contamination were 22% more likely to have diarrhea at the next follow-up visit compared with children whose household drinking water samples had no detectable E. coli (Table 2 ). Children whose parents had formal education and children living in wealthier households had less diarrhea (Table 2) . Children under 2 years of age were more likely to have diarrhea than older children. Diarrhea was more common during the first year of surveillance than during the second.
The strength of association between E. coli contamination in drinking water and child diarrhea varied by the elapsed time between drinking water sample collection and diarrhea history (Table 3) . Children whose household drinking water samples were collected 3-46 days previously and were contaminated with E. coli were 35% more likely to have diarrhea than children whose household drinking water samples collected from that same time frame had no detectable E. coli (Table 3) . Escherichia coli contamination of drinking water samples collected > 46 days before interview were not significantly associated with child diarrhea.
The strength of association between E. coli contamination in drinking water and child diarrhea varied by child age. Children aged 6 to < 12 months had the highest prevalence of diarrhea (14.8%) and the strongest association between E. coli contamination in drinking water and diarrhea (Table 3) .
Children whose household drinking water samples were contaminated with progressively higher concentration of E. coli, up to 999 E. coli/100 mL, had higher diarrhea prevalence, though only between 100 and 999 E. coli/100 mL were the differences large enough to confidently exclude chance (Table 4) . Fewer samples were contaminated with ≥ 1,000 E. coli/100 mL, and children in these households had somewhat lower diarrhea prevalence compared with children whose household water had 100-999 E. coli/100 mL. Restricting the analysis to assessments 3-46 days after water sample collection generated similar findings, though the prevalence ratios were larger ( Table 4 ).
The strength of the association between the log of E. coli contamination of drinking water and subsequent child diarrhea was unchanged in the multivariable analysis that included potential confounders. Each 10-fold increase in E. coli contamination in drinking water was associated with a 14% increase in diarrhea in the subsequent visit (Table 5) . Restricting the analysis to diarrhea assessments 3-46 days after water sample collection slightly strengthened this association (Table 5 ).
In the analysis restricted to assessments 3-46 days after water sample collection, substituting drinking water contamination (dichotomous) for log 10 E. coli as the measure of drinking water quality, E. coli contamination increased the risk of subsequent diarrhea by 35% in the bivariate analysis and 34% in the multivariable analysis (Table 5) .
Children living in households where water was more consistently contaminated with E. coli had a higher prevalence of diarrhea than children living in households where water was infrequently contaminated (Figure 3 ). Children living in households where water was commonly contaminated with > 100 E. coli/100 mL were much more likely to have diarrhea than children living in households where E. coli contamination was at a lower concentration or where high level of contamination was less common (Figure 3 ). The proportion of children with diarrhea in the 3-46 days after water collection was 9.39%. The prevalence of diarrhea among those children whose previous household water samples had < 1 E. coli/100 mL was 7.79%. The population attributable fraction of diarrhea attributed to contaminated water in the 3-46 days after water collection was 17%.
DISCUSSION
Drinking water in rural Bangladesh was commonly contaminated with bacteria indicating fecal contamination. This contamination was usually low level and varied between households and over time consistent with prior reports from rural Bangladesh. [16] [17] [18] The level of E. coli contamination in drinking water was associated with subsequent diarrhea, with little evidence of confounding. The contribution of E. coli contamination to the overall burden of diarrhea was modest at 17% based on the population attributable fraction. A causal relationship between fecal contamination of drinking water and child diarrhea is supported by the measurement of water quality prior to the outcome measurement, the relationship between increasing E. coli concentration in drinking water and increasing risk of diarrhea, the stronger association with reported diarrhea in the period soon after the water sample was collected (3-46 days) than in the later period after sample collection (47-100 days), the strongest association between water contamination and diarrhea at the age when children are most immunologically susceptible, and the stability of the relationship when accounting for potential confounding exposures. A recent randomized intervention trial of improved drinking water microbiological quality and reduced reported diarrhea among residents of rural Bangladesh that used shallow tubewells for drinking water, in settings very similar to this reported in SHEWA-B evaluation, provides further evidence of causality. 19 Prior studies evaluating the relationship between indicators of fecal contamination in drinking water and subsequent diarrhea have produced conflicting results. 20 Some authors reported no association between microbial indicators of water quality and diarrhea, 2,21,22 whereas some reported a modest association. [23] [24] [25] [26] Five circumstances could affect the measured association between indicator organisms and diarrhea. First, indicator organisms are only weakly correlated with the presence of enteric pathogens. Indeed, many authors report no association between indicator organisms and enteropathogens, though studies with larger sample sizes are more likely to detect an association. 4 Thus, even if there is a strong relationship between enteric pathogens in drinking water and diarrhea, the weak correlation between fecal indicator bacteria and pathogens would weaken a measured association between fecal indicator bacteria and diarrhea. *The prevalence of diarrhea in households with E. coli ≥ 1/100 mL/prevalence of diarrhea in households with E. coli < 1/100 mL. †Accounting for clustering at the village level using a robust sandwich standard error estimator. Second, population immunity to common circulating enteropathogens would weaken the association between bacterial indicators and diarrhea. Immunologically susceptible populations experience high attack rates and a strong association between dose of enteropathogen and risk of diarrhea. 27, 28 Widespread immunity among community residents to pathogens commonly present in drinking water attenuates a simple relationship between dose of exposure and risk of disease. 29, 30 Our finding that the strongest association between E. coli contamination in drinking water and diarrhea was among children aged 6-12 months, when maternally acquired immunoglobulin is waning and the adaptive immune system is less developed, 31, 32 is consistent with acquired immunity mediating the relationship between water contamination and diarrhea.
Third, high variability in the measurements of drinking water microbial contamination would weaken their association with diarrhea. Escherichia coli levels in study households varied substantially among visits (Figure 3) . In other contexts, microbial indicators of drinking water quality have varied markedly from day to day and from hour to hour. 5 In the settings of high variability, a single measurement of microbial drinking water will be a poor predictor of health outcome weeks or months later because of misclassification of the exposure and the resulting regression dilution bias. 6 Fourth, intervention studies to alter microbial quality of drinking water risk bias because people who receive an intervention to improve drinking water quality may, out of courtesy, underreport diarrhea. 1 Because the participants in this study received no intervention and were not informed of the water quality measurements, this bias cannot explain the observed associations.
Finally, the presence of a child with diarrhea in the household might increase the risk of household fecal contamination through maternal hands that clean up the child and also fetch water or might alter water treatment or storage practices. Studies that assess drinking water quality at the same time when they collect data on diarrhea may find a relationship between diarrhea and drinking water quality, but the direction of causality may move from the child's diarrhea to drinking water. 22 Because this study collected drinking water on a separate visit that was at least 3 days prior to the visit collecting diarrhea information, there is no risk of this bias altering the association.
Altogether, the three factors that would be expected to weaken the association between microbial indicators of water contamination and diarrhea-the weak association between indicator organisms and pathogens, population immunity to pathogens, and the high variability of measurements of water quality of diarrhea-were all present within this study and likely weakened the association between measures of drinking water quality and diarrhea. By contrast, the two conditions that might artificially strengthen an association between drinking water quality and diarrhea, courtesy bias and reverse causality, were not factors in this study. Thus, within this context, the measured association likely represents a minimal estimate of the contribution of drinking water quality to diarrhea.
In this study, the risk of diarrhea increased even with moderate increases in E. coli contamination. Indeed, between E. coli concentrations < 1 and 1,000/100 mL, the results suggest a dose-response effect. This contrasts with an influential earlier study using a smaller number of observations (1,062 water samples tested) from the urban Philippines that found no increased risk of diarrhea until a threshold > 1,000 E. coli (or other indicator organism)/100 mL was met. 23 Our data demonstrate that the threshold effect observed in urban Philippines is not a universal phenomenon.
There are important limitations to this analysis. This study was conducted within a context of modest but frequent contamination of groundwater. 17, 18 It is possible that microbial indicators of drinking water quality are differentially informative of diarrhea risk in other contexts. However, these observations do support the notion that dose of exposure of fecal organisms in drinking water increases the risk of diarrhea and that, at least within the context of a high water table and high population density that is typical of rural Bangladesh, the amount of exposure to fecal contamination in drinking water contributes meaningfully to the risk of child diarrhea. †For the multivariable analysis.
Although the study hypothesis was prespecified in the program evaluation, the analytical plan was not. There is some risk that the group chosen for analysis (controls but not intervention households) and the cut points used for bivariate analysis affected the observed statistical associations. However, restricting the study population to controls provided the most direct evaluation of the hypothesis, and inclusion of the intervention group did not alter any of the principal findings (data not shown).
Overall, the conclusions were robust to categorical or continuous definitions of E. coli concentrations. Although the stratified analysis did not show a significant association at each categorical range of E. coli contamination with diarrhea, the pattern of stratum-specific prevalence ratios suggests a trend of increasing risk with higher contamination. Moreover, the log concentration of E. coli used in the multivariate model provides a more robust assessment of the dose-response relationship. It does not depend on arbitrary cut points that stratified analysis requires but, instead, assesses the relationship throughout the data.
Fecal indicator measurements in drinking water remain an imperfect measure of health risk, but this study provides further evidence of the health benefits of improved microbiological quality of drinking water. Continued efforts to improve microbiological quality of drinking water have the potential to reduce child diarrhea in low-income countries.
